Members of the ISWI family of chromatin remodeling factors hydrolyze ATP to reposition nucleosomes along DNA. Here we show that the yeast Isw2 complex interacts with DNA in a nucleotide-dependent manner at physiological ionic strength. Isw2 efficiently binds DNA in the absence of nucleotides and in the presence of a nonhydrolyzable ATP analog. Conversely, ADP promotes the dissociation of Isw2 from DNA. In contrast, Isw2 remains bound to mononucleosomes through multiple cycles of ATP hydrolysis. Solution studies show that Isw2 undergoes nucleotide-dependent alterations in conformation not requiring ATP hydrolysis. Our results indicate that during an Isw2 remodeling reaction, hydrolysis of successive ATP molecules coincides with cycles of DNA binding, release, and rebinding involving elements of Isw2 distinct from those interacting with nucleosomes. We propose that progression of the DNA-binding site occurs while nucleosome core contacts are maintained and generates a force dissipated by disruption of histone-DNA interactions.
Introduction
Eukaryotic DNA is packaged into a hierarchically folded chromatin structure, which varies in density depending on its functional state and location within the genome. This organization of DNA serves to restrict access of enzymes involved in its transcription, replication, and repair to their appropriate chromosomal target sites. Eukaryotic cells locally regulate chromatin structure through two general mechanisms. One is defined by covalent modification of histone proteins that either directly influence the chromatin packaging or serve as binding sites for nuclear factors that directly alter chromatin architecture (Jenuwein and Allis, 2001) . The other mechanism called chromatin remodeling is carried out by separate families of proteins that use ATP binding and hydrolysis to drive conformational changes in local chromosome structure (Becker and Hörz, 2002) .
Chromatin remodeling complexes have in common an ATP-hydrolyzing core that displays homology to members of the helicase family of proteins (Flaus and Owen-Hughes, 2001 ). Helicase proteins catalyze the processive separation of duplex DNA into its component single strands. These reactions consist of successive cycles of ATP hydrolysis, each of which directs a defined sequence of alterations in protein conformation (Marians, 2000) . The individual nucleotidedependent conformations have been demonstrated for numerous helicases to display differential substrate-binding activity (Wong and Lohman, 1992; Hingorani and Patel, 1993; Lohman and Bjornson, 1996; McDougal and Guarino, 2001; Majka and Burgers, 2003) . To date, a reaction cycle that separately treats the component steps of an ATP hydrolysis cycle for a chromatin remodeling complex has not been described, although given the homology their ATPase domains share with those of helicase proteins, such a cycle seems likely to exist.
The yeast Isw2 chromatin remodeling complex is a member of the ISWI family of remodeling factors. ISWI-containing remodeling complexes mobilize histone octamers in cis along DNA in an ATP-dependent reaction. We expressed and purified the yeast Isw2 complex and investigated whether its substrate-binding properties and solution conformation change during an ATP hydrolysis cycle.
Results

A model substrate for Isw2 interaction studies
The yeast Isw2 chromatin remodeling complex was expressed in insect cells using the baculovirus system and purified to homogeneity ( Figure 1A) . As is the case with the endogenous complex purified from yeast (Tsukiyama et al, 1999) , hydrolysis of ATP into ADP and P i is stimulated to a higher level by nucleosomes than by free DNA, and Isw2 carrying a K215R mutation in the conserved 'Walker A' motif is ATPase deficient ( Figure 1B) . Inclusion of the nonhydrolyzable ATP analog ATPgS in a solution containing ATP and mononucleosomes inhibited ATP hydrolysis by Isw2, suggesting that ATPgS is also accommodated in its nucleotide-binding pocket. We constructed a model mononucleosome for both remodeling and binding studies based on the '601' nucleosome positioning sequence (Thåström et al, 1999; Dorigo et al, 2003) . 601-50 DNA comprises one 147 bp copy of the 601 nucleosome positioning sequence (Thåström et al, 1999) flanked by DNA stretches of 9 and 49 bp, as based on our mapping of a nucleosome on the 601 sequence (data not shown) using our high-resolution nucleosome mapping procedure (Flaus et al, 1996) . This mononucleosome migrates largely as a single species on a native polyacrylamide gel ( Figure 1C, lane 2) . Incubation of 601-50 nucleosomes with 1 M equivalent of Isw2 results in efficient production of an Isw2/mononucleosome complex ( Figure 1C , lane 3) that changes slightly in mobility upon addition of ATP ( Figure 1C , lane 4). Identical reactions were carried out with the exception that plasmid DNA was added prior to loading to strip bound Isw2 from the mononucleosome template ( Figure 1C , lanes 5-7). Addition of ATP ( Figure 1C , lane 7) shifts the translational position of the nucleosome to a more central position, consistent with the outcome of Isw2 reactions on similar mononucleosome templates (Kassabov et al, 2002; Gaillard et al, 2003) .
Nucleotide dependency of Isw2 binding to DNA Isw2 was incubated with 2 M equivalents of 601-50 DNA and 1 mM of the indicated nucleotide, and the reaction products were immediately run on a native polyacrylamide gel ( Figure 2A ). Addition of Isw2 in the absence of nucleotides shifted the DNA into two slower migrating species ( Figure 2A , lane 2). Higher ratios of remodeler to DNA resulted in an increase in the ratio of the upper to lower band, suggesting that the upper band is composed of two Isw2 complexes bound per DNA. SDS gel analysis of the slower migrating species revealed that they contain both Isw2p and Itc1p (data not shown). Addition of either 1 mM ATP or ADP to the reaction abolished formation of the shifted products ( Figure 2A, lanes 3 and 4) . In contrast, inclusion of ATPgS ( Figure 2A , lane 5) did not inhibit formation of the Isw2-DNA complex. The order of addition of protein, DNA, and nucleotide did not affect these reactions. Binding of Isw2 to circular or linearized plasmid DNA exhibited the same nucleotide dependency as was observed with linear 601-50 DNA (data not shown), ruling out any DNA-end effects as a cause for the observed nucleotide-dependent dissociation of Isw2 from DNA. Titration of Isw2 with ADP in the presence of DNA and quantification of the Isw2/DNA complex formed on native gels indicated that the K I for ADP inhibition of DNA binding by Isw2 is approximately 100 mM (data not shown).
The results presented in Figure 2A were confirmed by surface plasmon resonance (SPR) measurement using a BIAcore instrument. Real-time interaction assays were carried out under identical solution conditions in both the presence and absence of nucleotides. Isw2 protein and nucleotide solutions were passed over 700 resonance units of immobilized 601-50 DNA. Approximately 250 resonance units of Isw2 were loaded onto the DNA in the absence of nucleotides. Dissociation of protein from the DNA template was then monitored following injection of buffer containing ATP, ADP, or ATPgS as indicated ( Figure 2B ). Inclusion of ATPgS did not increase dissociation from the DNA. In contrast, injection of either ATP or ADP drastically affected Isw2 dissociation from the immobilized DNA template, with dissociation rates increasing over 10 times upon nucleotide addition. The dissociation rate constants for the Isw2/DNA complex without nucleotide and in the presence of ATP, ADP, and ATPgS are (1.270.2) Â 10 
Solution studies of Isw2 in the presence of nucleotides
We considered the possibility that the observed nucleotide dependency of Isw2 interaction with DNA was due to nucleotide-induced variation in protein stoichiometry. To address this possibility, Isw2 was analyzed by equilibrium analytical ultracentrifugation both in the presence and absence of nucleotides. In the absence of nucleotides, the apparent molecular mass of Isw2 was determined to be 271719 kDa. The presence of ADP (264712 kDa) or ATPgS (263715 kDa) did not significantly alter the apparent molecular mass. Since the calculated molecular mass of the Isw2p-Itc1p heterodimer is 275 kDa, these results indicate that Isw2 remains a heterodimer irrespective of the state of nucleotide binding.
To investigate whether the conformational state of Isw2 is nucleotide dependent, velocity analytical ultracentrifugation was performed both in the presence and absence of nucleotides. The s-value distribution observed in the absence of nucleotides, in the presence of ADP, and in the presence of ATPgS revealed that each of the three Isw2 samples sediments predominantly as a single species but at different rates ( Figure 3 ). The ADP-bound form of Isw2 sediments more slowly than the ATPgS-bound form, whereas both the nucleotide-bound forms consistently displayed narrower s-value distributions than the nucleotide-free form. Since the results of equilibrium ultracentrifugation rule out the possibility of nucleotide-dependent variation in subunit stoichiometry, the observed differences in sedimentation rates indicate that Isw2 is significantly more compact in the presence of ATPgS (7S) versus ADP (5.8S). Direct observation of sedimentation boundaries for Isw2 in the presence of these two nucleotides further demonstrates this point (Figure 3, inset) .
Nucleotide dependency of Isw2 binding to 601-50 nucleosomes
The experiments shown in Figure 2A and B were repeated under identical solution conditions with 601-50 nucleosomes. Isw2 was incubated with 1.3 M equivalents of 601-50 nucleosomes and 1 mM of ATP, ADP, or ATPgS. Following incubation, the products were run on a native polyacrylamide gel ( Figure 4A ). In the absence of nucleotides, addition of Isw2 shifted the nucleosome into a slower migrating species ( Figure 4A , lane 3). Preparative electrophoresis demonstrated that this species contains each of the four core histone proteins, Isw2p and Itc1p (data not shown). The addition of ATP, ADP, or ATPgS prior to loading did not significantly inhibit formation of the Isw2/mononucleosome complex ( Figure 4A , lanes 3-6). Addition of ATP shifted the translational position of the nucleosome to a more central position ( Figure 4A, lane 4 ). An identical experiment using tetranucleosome arrays (Schalch and Richmond, in preparation) also showed no nucleotide dependency for formation of Isw2/tetranucleosome complexes ( Figure 4C ). The results of the Isw2-nucleosome binding experiments were confirmed by real-time SPR interaction assays. 601-50 DNA was biotinylated on the 601 terminus and used for mononucleosome assembly. The resulting nucleosome was indistinguishable from the unmodified nucleosome as judged by native gel electrophoresis and cleavage with MNase and DNase I (data not shown). Approximately 200 resonance units of Isw2 were loaded onto 4500 resonance units of immobilized mononucleosome and then washed with a solution containing the indicated nucleotide ( Figure 4B ). Injection of ATPgS did not increase the dissociation rate relative to buffer solution alone. Injection of ADP or ATP resulted in a slight increase in dissociation rate from the mononucleosome template, but dissociation still occurred 20-30 times more slowly than from the naked DNA template. The dissociation rate constants for the Isw2/nucleosome complex without nucleotide and in the presence of ATP, ADP, and ATPgS are (7.571.5) Â 10 , respectively. Combined with less precise measurements for the association rate constants (data not shown), the dissociation rates measured here permit rough estimates for the equilibrium dissociation constants for Isw2 complexes. With the exception of Isw2/DNA complexes in the presence of ATP and ADP having K D values greater than 1 mM, the K D values of Isw2/DNA and Isw2/mononucleosome complexes in the presence of no nucleotide, ATP, ADP, and ATPgS are all 1-10 nM.
Exonuclease III analysis of the Isw2/601-50 nucleosome complex Although Isw2 remains bound to 601-50 nucleosomes throughout its ATP hydrolysis cycle, results of the Isw2/ DNA binding studies suggest that changes in Isw2/DNA contacts should occur at the appropriate steps in the cycle. Therefore, uniquely end-labeled 601-50 nucleosome was bound to Isw2 under conditions in which they form a 1:1 complex ( Figure 4A ), and then probed with exonuclease III (Exo III) to visualize whether or not contacts between Isw2 and DNA flanking the nucleosome core change in the presence of nucleotides. Following Exo III digestion, the Isw2/ mononucleosome complex remained intact as a 1:1 complex as observed by native gel electrophoresis (data not shown). A digestion time course of 601-50 nucleosomes in the absence of Isw2 revealed that Exo III digests the DNA flanking the nucleosome core largely without sequence preferential pausing, but comes to a stable halt at the 601 core DNA ( Figure 5,  lanes 1-4) . In the presence of Isw2, cleavage is inhibited, leaving full-length DNA predominately and two minor fragments with termini 40 and 10 bp from the nucleosome core ( Figure 5, lanes 8-10) . The addition of ATPgS ( Figure 5 , lanes 5-8) to the Isw2/601-50 nucleosome complex reduced the amount of undigested DNA relative to nucleotide-free reactions, but increased the levels of the two weaker fragments. Addition of ADP ( Figure 5 , lanes 11-13) resulted in a digestion pattern resembling that for the nucleosome in the absence of Isw2 ( Figure 5, lanes 1-4) .
Discussion
Chromatin remodeling complexes contain an ATPase domain that shares homology with members of the DEAD/H superfamily of DNA and RNA helicases (Gorbalenya and Koonin, 1993) . Helicase proteins separate regions of double-stranded polynucleic acid into their component single strands by combining a duplex destabilization reaction with DNA trans- location. In the case of the PcrA DNA helicase, mutant versions of the protein were made that are defective in the duplex destabilization reaction but continue to exhibit ATPdependent DNA translocation (Soultanas et al, 2000) . Similarly, separation of template binding, translocation, and duplex destabilization was demonstrated for the Escherichia coli Rho helicase (Walstrom et al, 1997) . A chromatin remodeling complex that displays duplex destabilization activity has not been reported and until recently it was not clear what, if any, functional property remodeling factors might have in common with helicase proteins. However, new studies provide evidence that several chromatin remodeling factors, including members of the ISWI family, are ATPdependent translocases (Fyodorov and Kadonaga, 2002; Saha et al, 2002; Whitehouse et al, 2003) .
The ATP hydrolysis cycle of helicases drives an ordered program of alterations in protein conformation that defines the smallest repeating step of the overall strand separation reaction. Crystal structures of the PcrA helicase with and without a nonhydrolyzable ATP analog provide evidence that contacts between the g-phosphate of ATP and highly conserved basic residues of a domain distinct from the nucleotide-binding domain are lost following ATP hydrolysis and result in large-scale rearrangements in relative domain orientation (Velankar et al, 1999) . In addition, structures of other helicase proteins in the absence of nucleotides reveal that analogous conformational changes might potentially be driven by nucleotide binding or hydrolysis (Korolev et al, 1997; Kim et al, 1998; Caruthers et al, 2000; Yamada et al, 2001) . Structures of the T7 DNA helicase (Sawaya et al, 1999; Singleton et al, 2000) suggest that conformational changes induced by nucleotide cause this protein to display nucleotide-dependent DNA binding (Hingorani and Patel, 1993) . Similarly, biochemical studies of numerous helicase proteins have shown that individual nucleotide-dependent conformations differ in their affinity for substrates (Wong and Lohman, 1992; Hingorani and Patel, 1993; Lohman and Bjornson, 1996; McDougal and Guarino, 2001; Henn et al, 2002; Majka and Burgers, 2003) . The paradigm for nucleotidedependent DNA binding is provided by recA, which has a structural architecture found in numerous helicase proteins (Bird et al, 1998 ). RecA's affinity for DNA is greatly increased in the presence of ATPgS and decreased in the presence of ADP (Menetski and Kowalczykowski, 1985) . A convincing explanation for this observation is provided by its crystal structure revealing that the sites of ATP binding/hydrolysis and DNA binding are juxtaposed and coordinated (Story and Steitz, 1992) . In the case of chromatin remodeling complexes, the alternating binding and release of separate elements of the chromatin substrate during an ATP hydrolysis cycle is likely to define the component steps of the overall chromatin remodeling reaction.
In the present report, we demonstrate that the interaction between the yeast Isw2 chromatin remodeling complex and DNA is nucleotide dependent in the physiological salt range. Isw2 binds stably to naked DNA both in the absence of nucleotides and in the presence of a nonhydrolyzable ATP analog (Figure 2A and B) . Conversely, both ATP and ADP were shown to promote dissociation of Isw2 from DNA (see Supplementary data provided, for a discussion of the result from an earlier study (Gelbart et al, 2001 ) on this point). The DNA binding displayed by both nucleotide-free and ATP analog-bound Isw2 suggests that loading onto DNA in the cell occurs readily both in the presence or absence of ATP. DNA binding studies using the ATPase-deficient Isw2(K215R) mutant support this view ( Figure 2C ). Since Isw2 hydrolyzes ATP to ADP when bound to DNA, the presence of ADP in the nucleotide-binding pocket appears to be responsible for the observed release of Isw2 from the DNA template. Results of analytical ultracentrifugation studies (Figure 3) revealed that Isw2 remains a heterodimer in the presence of nucleotides, but adopts a more compact conformation in the presence of ATPgS than ADP. The combined results shown in Figures 2  and 3 indicate that DNA-binding domain(s) of Isw2 are physically linked to elements that undergo nucleotide-dependent conformational changes, and that the energy liberated by ATP hydrolysis is not required to drive their interconversion.
Isw2 binding to nucleosomes is absolutely dependent on DNA extending beyond the limits of the nucleosome core, and the ATPase activity of Isw2 increases as the length of flanking DNA increases (data not shown). These findings are consistent with previous studies showing that the ATPase and nucleosome-binding activities of Drosophila ISWI increase when a short length of DNA flanking the nucleosome core Figure 5 Exo III analysis of the Isw2/601-50 nucleosome complex. Isw2 was incubated with 1.0 M equivalent 601-50 nucleosomes and 1 mM of the indicated nucleotides (top). Exo III digestion was allowed to proceed for the indicated times in minutes (top) at 321C, and the samples were analyzed on a 6% denaturing gel. The 601-50 nucleosome is depicted schematically by a dark oval (right). The distance in base pairs along the DNA flanking the 601 nucleosome core is also indicated. Isw2-specific pauses are marked by arrows. Lane numbers are indicated (bottom).
is present, and suggest the presence of distinct nucleosome and flanking DNA-binding elements (Brehm et al, 2000; Whitehouse et al, 2003) . More recently, elements of Isw2 have been shown to crosslink to flanking DNA (Kagalwala et al, 2004) . Our interaction studies between Isw2 and 601-50 nucleosomes show that in solution conditions where both ATP and ADP induce Isw2 dissociation from DNA, Isw2 remains bound to the 601-50 nucleosome regardless of the nucleotide present (Figure 4) . Exo III analysis of the Isw2/ 601-50 nucleosome complex revealed Isw2-dependent pausing of the nuclease on DNA flanking the 601 core, and that this pausing is nucleotide dependent (Figure 5) . Consistent with the results of Isw2 binding to DNA (Figure 2) , the presence of ADP decreased or eliminated Isw2-dependent Exo III pausing on DNA flanking the nucleosome core ( Figure 5 ). Taken together, our results suggest that Isw2 DNA-binding elements gain and then lose hold of DNA in concert with each individual ATP hydrolysis event while separate nucleosome-binding elements maintain their grip.
We provide a model mechanism for Isw2 nucleosome remodeling combining the nucleotide dependency of Isw2 conformational states with the nucleotide dependency of its substrate interactions (Figure 6 ). On hydrolysis of ATP to ADP, Isw2 releases the flanking DNA from its 'DNA-binding site' and its conformation becomes extended (I-II), with rebinding to DNA facilitated by the release of ADP (II-III). ATP binding provides the energy to drive Isw2 compaction (III-IV). Persistence of the Isw2/flanking DNA interaction during compaction creates shearing and/or torsional stress between the histone octamer and associated DNA, which is relaxed by the histone octamer sliding along the DNA (IV-I). Sliding would occur in step lengths determined primarily by the extent of the ATP-driven conformational change of Isw2, but could also be influenced by the ability of a particular DNA sequence to reposition on the histone octamer. The nucleosome core is required for the stability of the Isw2/mononucleosome complex in the presence of ADP where flanking DNA would be unbound or weakly bound by Isw2.
A recent study utilized photocrosslinking to probe the Isw2-nucleosome architecture using a model mononucleosome nearly identical to that used in the present study (Kagalwala et al, 2004) . Consistent with the results of our Exo III protection of the DNA flanking the nucleosome core ( Figure 5 ), Kagalwala et al found an approximately 50 bp region of interaction between Isw2 and DNA immediately flanking the nucleosome core. A highly localized region of DNA contact within the nucleosome core accompanied the flanking DNA contact, demonstrating that specific interactions occur simultaneously within the nucleosome core and flanking DNA. The results of Kagalwala et al are well accommodated by our reaction cycle model (Figure 6) .
The results presented here indicate that Isw2 would have near zero processivity on naked DNA and requires nucleosomes for translocation activity. The processivity value for the Drosophila ISWI protein estimated for nucleosome templates is 40 bp (Whitehouse et al, 2003) . The triplex displacement experiments of Whitehouse et al (2003) shown in their Figures 4B and 5 indicate that zero or very limited processivity occurs for the naked DNA templates present in their samples. In contrast, the Snf2 family of remodeling complexes, which are distinct from the ISWI family, yield processivity values of 60-70 bp for naked DNA templates as determined in separate studies for yeast RSC, and for yeast SWI/SNF and RAD54p (Saha et al, 2002; Jaskelioff et al, 2003) . Despite the analogy with DNA translocation by ATPdependent DNA helicases, and that remodeling could occur via DNA translocation through a nucleosome in the manner suggested for RNA polymerase enzymes (Studitsky et al, 1997) , our results indicate that Isw2 is better described as a nucleosome translocase. This view is consistent with the demonstration in vivo that Isw2-dependent chromatin remodeling is localized to a few nucleosomes in the promoters analyzed (Fazzio and Tsukiyama, 2003) , and suggests that dependencies on transcription factor and nucleosome interactions are important to gain and maintain template commitment.
Recent studies have revealed that Saccharomyces cerevisiae contains both a two-subunit complex comprising Isw2p and Itc1p, as studied here, and a second four-subunit complex additionally comprising the relatively small, histone fold containing proteins Dls1p and Dpb4p (Iida and Araki, 2004; McConnell et al, 2004) . Although the presence of these subunits is not required for Isw2 interaction with chromatin as shown by CHIP assays (McConnell et al, 2004) , determining their effect on translocation, if any, will be of interest.
Materials and methods
ISWI purification and preparation of samples for interaction assays
Recombinant Isw2 was expressed and purified as described (Gaillard et al, 2003) . Following the final purification step, protein was immediately concentrated to 5-10 mg/ml using Vivaspin concentrators in 'remodeling buffer' solution (RB: 130 mM KCl, 1 mM MgCl 2 , 1 mM DTT, 25 mM Tris-HCl, pH 7.3). PCR was used to create the Isw2(K215R) mutant using an oligonucleotide spanning both the K215 DNA and the AvrII restriction site in Isw2p, which is 24 bp 3 0 of the K215 codon (GenBank # CAA99622.1). Expression and purification of Isw2(K215R) was carried out as for wild-type Isw2.
All experiments were performed with Isw2 complex stored at 41C for less than 8 h following the final purification and concentration steps. Proteins were diluted to the required concentrations in RB immediately before each measurement. Samples were monodisperse as judged by dynamic laser light scattering using a Figure 6 Model for coupling the Isw2 nucleosome remodeling reaction with an ATP hydrolysis cycle. The Isw2 complex (two black ovals) bound to a nucleosome (core: circle; flanking DNA: rod) is depicted in four states (I-IV), which represent differences in (1) Isw2 nucleotide binding, (2) Isw2 DNA binding, (3) Isw2 conformation, and (4) DNA position in the nucleosome core. The reaction cycle is described in the text. The depiction is not intended to suggest relative Isw2p and Itc1p subunit locations.
WyattQUELS System (Wyatt Technology). Further information on Isw2 handling and stability is presented in Supplementary data.
Histone purification and nucleosome assembly
Expression of Xenopus laevis core histone proteins, purification, and mononucleosome assembly were carried out as described (Luger et al, 1999) . 601-50 DNA preparation 601-50 DNA was PCR amplified from a 601 clone (gift of J Widom) using primers 5 0 -CCCCTCGAGGATATCGCCGCCCTGGAGAATCCCGG and 5 0 -CCCGGTACCGTCGACGCCCAAGCTTGCATGCCTGCACATAT CAGATCTTACATGCAC. A plasmid containing multiple copies of the 601-50 DNA was constructed using the SalI and XhoI sites in the primer sequences, and monomer 601-50 DNA was prepared by EcoRV digestion of the resulting plasmid.
ATPase assays
To compare directly the activity of recombinant Isw2 with the endogenous yeast complex, ATPase assays were performed as previously described (Tsukiyama et al, 1999) . TLC reactions were visualized using a Fujifilm BAS-2500 Phosphorimager and quantified with Advanced Image Data Analyzer 2D v3.11 software (Raytest Isotopengerate GmbH).
Native gel interaction assays
In all, 100 ml of 200 nM 601-50 DNA or 601-50 nucleosomes was prepared in RB with or without 1 ml of 100 mM stock of ATP, ADP, or ATPgS (Fluka) added. A 20 ml portion of Isw2 diluted in RB (to 500 nM in Figure 2A , and to 770 nM in Figure 4A ) was added and the reaction was allowed to proceed for 8 min at 321C. Nucleosome remodeling reactions ( Figure 1C) were performed in RB. For Figure 1C (lanes 5-7), samples were brought to a final concentration of 170 mM KCl following the reaction and a 10-fold molar excess of pUC19 plasmid DNA was added. Analysis by native polyacrylamide gel (4.5% acrylamide) electrophoresis was carried out at 41C using ethidium bromide for visualization as described previously (Flaus et al, 1996) . Analysis by native agarose gel (0.9% agarose, 45 mM Tris borate, 1 mM EDTA, pH 8.0) electrophoresis was performed at 41C for 1.5 h at 50 V using ethidium bromide for visualization.
The binding of Isw2 to DNA is highly dependent on ionic strength. For example, the rate of dissociation of Isw2 from DNA in the absence of nucleotides increases with increasing monovalent salt, and at 190 mM KCl, is comparable to that seen with ADP or ATP at 130 mM KCl. Below 80 mM monovalent salt and in the range of 0-5 mM divalent ion, the Isw2/DNA complex has a dissociation half-life measured in hours. Therefore, experiments in this study were carried out at approximately physiological ionic strength (130 mM NaCl, 0-5 mM MgCl 2 , 25 mM Tris-HCl, pH 7.3).
Real-time SPR (BIAcore) interaction assays
Real-time binding experiments were performed on a BIAcore 3000 biosensor system (Pharmacia Biosensor AB) at 221C. A 100 ml volume of 1 mM 601-50 DNA was labeled with biotin-14-dCTP (Invitrogen) by incubation with Terminal Transferase (New England Biolabs) for 1 h at 301C. Following incubation, the sample was dialyzed exhaustively against water. For preparation of 601-50 DNA, one biotinylated end was removed by TaqI (New England Biolabs) digestion, and the resulting DNA fragment was excised, purified from an agarose gel and used for nucleosome assembly. DNA or mononucleosomes were coupled to an SA biosensor chip (Amersham Pharmacia), and interaction studies performed with Isw2 protein in RB at a constant flow rate of 10 ml/min. Injections were performed using the 'quickinject' setting. Between measurements, the sensor chip was regenerated at a flow rate of 100 ml/min with 100 ml RB at 900 mM KCl for DNA, or RB at 220 mM KCl for mononucleosomes. Mononucleosomes could also be regenerated at 155 mM KCl with the inclusion of 100 mg/ml competitor DNA. With immobilized mononucleosomes, each sensor chip lane was used for only four measurements and the presence of histone proteins was confirmed following data collection by washing with 2 M KCl and monitoring loss of baseline signal. Individual binding curves were recorded four times. For both DNA and mononucleosome binding, Isw2 was loaded in RB at 110 mM KCl and dissociation was monitored in RB with and without nucleotides. Nonspecific binding of Isw2 to an uncoupled chip surface contributed less than 1% to the total signal under the described conditions. Data were processed using the BIAevaluation software package (Pharmacia Biosensor AB).
Analytical ultracentrifugation
Isw2 (2 mM) was prepared in RB alone, with 1 mM ADP, and with 1 mM ATPgS. Samples were centrifuged in an eight-hole rotor containing 12 mm double sector cells with sapphire windows in a Beckman XL-I analytical ultracentrifuge at 41C. Partial specific volumes and solution density were calculated using Sednterp v1.08. Sedimentation equilibrium experiments were carried out at 9000, 12 000, and 14 000 rpm and interference data were analyzed using the global analysis component (one noninteracting species) of Ultrascan v6.0. The apparent molecular mass values reported (71 standard deviation) are the average of three measurements from three separate protein preparations. Four separate sedimentation velocity experiments were carried out under identical solution conditions as the equilibrium experiments at a speed of 30 000 r.p.m. Interference data were analyzed using continuous c(s) distribution of Sedfit v8.52b.
Exo III analysis of Isw2/601-50 nucleosome complexes A 10ml portion of 1 mM 601-50 DNA was 3 0 end labeled by incubation with terminal transferase (New England Biolabs) and ATPgP32 for 1 h at 371C, and then the label on one strand was removed by TaqI (New England Biolabs) digestion. The DNA fragment was purified by agarose gel electrophoresis, mixed with an excess of unlabeled DNA, and assembled into mononucleosomes. Isw2/601-50 nucleosome complexes were analyzed by Exo III in RB in the presence of 1 mM of the indicated nucleotides, and the samples were processed and analyzed as described (Fitzgerald and Anderson, 1998) . Gels were calibrated by restriction digestion of the uniquely end-labeled 601-50 DNA.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
